Abstract. In this paper we investigate the feasibility of creating a high-density ~ 10 12 -10 14 cm -3 , large volume seed plasma in air constituents by laser (300 mJ, 20(±2) ns) preionization of an organic gas seeded in high-pressure gas mixtures and then sustained by efficient absorption of rf power (1-25 kW pulsed) through inductive coupling of the wave fields. A multi-turn helical antenna is used to couple radio-frequency power through a capacitive matching network. A 105 GHz interferometer is employed to obtain the plasma density in the presence of high collisionality utilizing phase shift and amplitude attenuation data. TMAE Plasma decay mechanisms with and without the background gas are examined.
Introduction
Development of high-density (10 13 cm -3 ), large volume (~1000 cc) atmospheric pressure plasma with reduced power budget is of significant interest for variety of applications including material processing, biological decontamination and drag modification at supersonic speed. The theoretical minimum radio-frequency (rf) power required to initiate an air discharge of ~10 13 cm -3 at sea level is 9 kW/cm 3 . 1 The model was based on a mono-energetic electron-beam excitation and DC electric field sustainment. Non-equilibrium pulsed electron heating experiments suggest reduction of time-averaged rf power budget required to initiate and sustain the high pressure discharges. In this paper we present the possibility of initiating a discharge by laser ionization of an organic gas tetrakis (dimethyl-amino) ethylene (TMAE) seeded in high-pressure gas that can be efficiently sustained by substantially reduced rf power.
Laser Plasma Source
The general schematic of the laser-initiated and rf sustained plasma source is shown in Fig. 1(a) . An excimer laser that runs in ArF mode (6.42 eV) produces a 193 nm uniform intensity ultra-violet (UV) beam with a 20(±2) ns pulse of 300 mJ. The laser output cross-section of 2.8×1.2 cm 2 is increased to 2.8×2.8 cm 2 using a lens system of fused quartz plano-convex and plano-concave lenses. The laser beam enters a 5 cm plasma chamber of length 150 cm through a 2.8 cm diameter Suprasil quartz window. Gas mass flow controllers and a swirl gas injection system are also located at this end. A turbo-molecular pump is used to pump down the plasma chamber to a base pressure of 10 -6 Torr. Radiofrequency source is a 10 kW unit at 13.56 MHz with a very fast turn on/off time. A 105 GHz (QBY-1A10UW, Quinstar Technology) quardrature-phase, millimeter wave interferometer is used to characterize the temporal development of plasma following the application of the 20 ns laser pulse and the radiofrequency power. We employ a measurement technique and a model we developed where both phase and amplitude change data are used to determine both the plasma density and the effective collision frequency. 2 An interferometer trace showing the phase and amplitude variation for a 35 mTorr TMAE plasma is shown in Fig.1(b) . The outside circle represents the phase variation for the vacuum condition. A high-density (10 13 cm -3 ), large volume (~500 cc) TMAE plasma is created by laser photoionization. The plasma formation follows the path A→B→C shown in Fig.  1(b) as measured 20 cm from the Suprasil window. The plasma is formed by the application of the 20 ns laser pulse and during this interval the line average plasma density reaches its maximum value of 4×10 13 cm -3 . After the application of the laser pulse, the TMAE plasma decays temporally along the path C→D→E→A. Temporal and axial plots of TMAE plasma density are shown in Figs. 2(a) and 2(b) , respectively. It is observed that the plasma density increases with increasing TMAE vapor pressure. However, the increase in peak plasma density is small above 40 mTorr. In addition the axial plasma density decay is also more rapid at higher vapor pressure. This is due to the strong laser attenuation near the window at higher pressure.
Since this experiment is performed to study the effect of background gases on the TMAE plasma formation and decay characteristics, we present a temporal plot of plasma density for different background gases at 760 Torr in Fig. 3(a) . A TMAE vapor pressure of 16 mTorr is maintained. It is evident that a high density TMAE plasma can be created in air and it is possible that this plasma can be sustained by an efficient coupling of radiofrequency power. The continuity equation for TMAE plasma decay, including the two-body (electron-ion) recombination coefficient, α r , the three-body recombination coefficient, β r (~β g +β e ), involving either a neutral atom (β g ) or an electron (β e ) as the third particle, and electron attachment term, κ a , is given by the following equation, n e n 2 g κ a 2 e n r β 2 e n r α t
Since the TMAE molecule is a strong electron donor, here κ a represents the electron attachment process involving the background oxygen gas of density n g . In pure TMAE plasma at pressures < 50 mTorr, two-body electron-ion recombination is the main loss mechanism. There is an increase in the recombination coefficient with time exhibiting the process of delayed ionization. 3 It varies from 4.5×10 -7 cm -3 s -1 at t =1120 ns after the application of the 20 ns laser pulse at 1100 ns to 4.6×10 -6 cm -3 s -1 at t=2500 ns. However in the presence of background gas at atmospheric pressure, three-body electron-ion recombination with neutrals as the third particle contributes to electron loss. It remains almost constant during the plasma decay as it depends on the neutral particle density. From the density decay plot a measure of the three-body decay rate is obtained. It varies from β r /n g ~ 4×10 -26 cm 6 s -1 for helium to β r /n g ~10 -25 cm 6 s -1 for argon with the background gas at 760 Torr. With air constituents as the background gas, the dominant loss mechanism is the process of electron attachment to oxygen. The electron attachment rate coefficient decreases with a temporal decrease in the plasma density as shown in Fig. 3(b) . The experiment shows that the life-time of the laser produced plasma is long enough such that rf power can be coupled efficiently through inductive wave coupling. A 5-turn helical antenna of quarter-inch copper tube of axial coil length 13 cm and internal diameter 12 cm is used to couple rf power through a capacitive matching network to the laser initiated discharge in a 10 cm diameter chamber. Here we present an initial result of laser-initiated and rf sustained experiment with argon as the background gas. A program written in LabView is used to control the sequence of operation and data acquisition. A discharge was successfully initiated by laser preionization of 10 mTorr of TMAE seeded in argon at up to 760 Torr and then sustained at modest rf power of 2 kW. Large volume (~ 2500 cm 3 ) plasma of line average density of 10 12 cm -3 is obtained. This is a significant improvement over the radiofrequency initiation and sustainment that was limited only up to 250 Torr at the same power level. 4 
Summary
The feasibility of sustaining a laser initiated seeded plasma with radiofrequency power is demonstrated. Future research will examine emission spectra of the rf sustained seed gas-air mixture together with the interferometry data. We will also examine high-power pulse discharges to reduce time-average power budget.
